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a b s t r a c t
P3HT–PEO blend nanofibers were produced by electrospinning from chloroform solutions. A morpholog-
ical study was carried out as a function of the processing parameters as well as the ratio between the
two polymers. The fibers containing at least 60wt.% of P3HT presented striated surfaces that could be
explained by the alignment of the polymer domains along the fiber axis. The structural arrangement of
the polymers was found to vary according to the polymers relative contents. The maximum electrical
conductivity found for unalignedmats was 0.16 S/cm and increased to 0.3 S/cmwhen the nanofibers were
aligned along a preferential direction.
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
1. Introduction
Since the discovery of intrinsically conducting polymers (ICPs)
30 years ago [1,2], an incredible amount of work has been done on
the development of this new class of polymers, leaded by the will
to use the fabulous and unique set of properties that they offer:
switchable and tunable semi-conductivity, thermo-, solvato- and
electrochromism, photo- and electroluminescence, solar conver-
sion capabilities (photovoltaic), energy storage, etc.
Besides, the entrance in the 21st century comes along with
the intensive development of nanotechnologies, which opens wide
new areas of development for the ICPs. Indeed, the structure
control at the nano-scale is one of the major issues that need
to be addressed before a number of new technologies based on
the properties of ICPs can be successfully deployed, especially
in the area of organic electronics. Hence, synthesis and process-
ing of controlled ICP nanostructures is the subject of extensive
research, going from the direct synthesis of nanofibers [3–6] or
precisely defined block copolymers [7–11], to the nanopattern-
ing of ICPs using lithography methods or self-assembly templates
[12–16].
Among these techniques, the processing of ICPs into nanofibers
using the electrospinning technique is a method of choice for its
versatility and the level of control that can be reached by tuning the
∗ Corresponding author. Tel.: +1 450 641 5222; fax: +1 450 641 5105.
E-mail address: alexis.laforgue@cnrc-nrc.gc.ca (A. Laforgue).
process parameters [17–19]. Electrospinning has been successfully
used to produce nanofibers of polyaniline (PANI) [20–23], polypyr-
role (PPy) [24–30], poly(p-phenylene vinylenes) (PPVs) [27–33] as
well as polythiophenes (PThs) [34–38].
Since the ICPs generally have rigid backbones, the level of chain
entanglements required to form the fibers is usually not reached
by these polymers. Different strategies have been used to over-
come this problem: the use of more flexible polymer precursors
or even monomers that can be converted into ICPs in a second
step [27,28,39–41], the addition of a spinable polymer to assist the
formation of fibers [20,26,32], or the use of a core–shell coaxial
electrospinning strategy, the ICP being the core and the spinable
polymer being the post-removable shell [37] or inversely, the spin-
able polymer as the core and the ICP as the shell [42]. All of these
strategies have been usedwith success and present their respective
set of advantages and limitations.
In this paper, we report the fabrication of nanofibers of blends
of poly-3-hexylthiophene (P3HT) and polyethylene oxide (PEO)
using the electrospinning technique. P3HT is a polymer of great
interest, widely used in organic electronics, especially in photo-
voltaic devices. The processing of P3HT into nanofibers could have
important advantages towardsfilm-casting, particularly toenhance
the active surface area. PEO was chosen as the spinable polymer
since it is known to be easily electrospun and relatively soluble
in chloroform, also a good solvent for P3HT. Nanofibers of rela-
tively high molecular weight P3HT have already been electrospun,
but the reports were focussed on theoretical studies about hole
mobility in field effect transistors made with one single nanofiber
0379-6779/$ – see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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Fig. 1. Electrospinning setup at NRC-IMI. Inset is a photograph of the Taylor cone.
[34,35]. This paper will present an exhaustive morphological study
of theP3HT–PEOnanofibers as a functionof variouselectrospinning
parameters. A study of the conducting properties of the nanofibers
will also be presented.
2. Experimental
2.1. Materials
Regio-random poly-3-hexylthiophene was chemically synthe-
sized using the FeCl3 oxidation method, as described elsewhere
[43,44] (Mw=43,700g/mol (PS standard); PDI =2.8 as determined
by gel permeation chromatography in THF; 72% head-to-tail diad
content estimated by 1H NMR in the -methylene region [45]).
Polyethylene oxide (Mw=1,000,000g/mol) was purchased from
Polysciences (USA, PA). Anhydrous chloroform (CHCl3) and tetrahy-
drofuran (THF) (Sigma–Aldrich, USA) were used as received to
prepare the electrospinning solutions.
The electrospinning solutions were prepared by dissolving the
polymers simultaneously into CHCl3 or THF and gently stirred for a
minimumof12h. The solution temperaturewas raised to∼50 ◦C for
the first 30–60min to assure complete dissolution of the polymers.
2.2. Electrospinning
Thepolymer solutionswerefilled intoaglass syringe terminated
by a stainless steel needle (no. 20: ext =0.91mm; int =0.58mm).
The syringe was placed in an automatic pump (Harvard Apparatus
PHD4400) and grounded (cf. Fig. 1). A stainless steel substrate was
connected to a high voltage power supply (Gamma High Voltage
Research Model ES75P-10W). In the following text, D represents
the distance between the tip of the needle and the substrate. For
the electrical conductivitymeasurements, the nanofibermatswere
electrospun on a non-conductive polyimide sheet (Thermalimide
RCBS from Airtech, 50m thick) which served as a rigid substrate
easier to handle than the unsupported mat.
2.3. Characterization
Scanning electron microscopy was performed on a Hitachi
S4700microscope. For the diameter analysis, histogramswere built
using SEM image analysis on a minimum of 50 fibers taken at sev-
eral positions on the sample.
Electrical conductivity measurements were carried out under
ambient conditions after iodine vapour doping for at least 4h, to
ensure complete doping of the polymer (usually reached within
1h). The measurements were performed by the four-point probe
method using a Bekktech conductivity cell and using a VMP3 mul-
tipotentiostat (Princeton Applied Research, USA). The conductivity
measurements were systematically taken within 5min after the
samples were taken out of the doping medium, to eliminate the
effect of de-doping over time. At least three measures were taken
for each sample and average values are reported in this publica-
tion. It is important to note that iodine doping is not stable in
time and was only used to characterize the P3HT conductivity
percolation behaviour in the blended fibers. To achieve a sta-
ble conductivity, the P3HT would have to be doped with other
molecules [46] or polyelectrolytes as in the case of PEDOT–PSS
[47].
Transmission electron microscopy (TEM) was performed either
on a JEOL JEM2000FX operated at 80kV or on FEI Philips Tecnai 12
at 120kV. For TEM observation, the electrospunmats were embed-
ded into an epoxy resin and cut into 50–80nm lamellas using a
Leica Ultracut UCT ultramicrotome equipped with a EM FCS cry-
ochamber. The samples were observed after either RuO4 staining
(30min), I2 staining (15min to 1h) or without staining.
Fig. 2. SEMmicrographs of electrosprayed P3HT solutions in CHCl3 (a) or THF (b). Polymer concentration: 3wt.%. Insets are closer views of the surface structures. Scale bars
in the insets represent 10m.
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Fig. 3. Optical microscopy image of P3HT–PEO nanofibers containing 75wt.% of
P3HT. Scale bar represents 50m.
3. Results and discussion
3.1. Effect of processing variables
P3HT was first electrospun in THF or CHCl3 at concentrations of
3 and 6wt.%. Solutions of higher concentrations were too viscous
to be electrospun. The process was very stable at concentrations
between 3 and 6wt.% but did not lead to the formation of fibers, as
canbeobserved in Fig. 2. Themicrostructures obtainedarebetween
those obtained from an electrospraying process and nanofibers
obtainedby electrospinning. They canbedescribed as a 3Dnetwork
of linked polymer droplets. The short chain length (low molec-
ular weight) of the polymer used in this study can most likely
explain the lack of chains entanglement resulting in the formation
of these structures [26,48]. The rigidity of the backbone of this type
of polymers is also an important factor that affects the degree of
entanglement.
In a second step, high molecular weight PEO was added to the
P3HT solutions to assist the formation of fibers. For the follow-
ing experiments, CHCl3 was used as the solution solvent. When
a small amount of PEO was added to the P3HT solution, fibers
were easily produced. Fig. 3 shows an optical microscopy image of
P3HT–PEO nanofibers. They have the bright red color characteris-
tic of undoped poly-3-alkylthiophenes. The overall process showed
significant similarities with the electrospinning of pristine PEO
nanofibers in chloroform, in terms of Taylor cone shape, jet sta-
bility and whipping behaviour. These observations tend to show
that the fiber formation of the PEO chains is the phenomenon that
controls the process.
However, obtaining perfect non-beaded fibers required a good
control of the processing parameters. The electrospinning process
was stable only when the flow rate wasmaintained above 0.2ml/h.
Below this value, rapid solidification of the polymers at the needle
tip blocked the solution inside the needle.
The voltage was found to be a critical parameter in the pro-
duction of non-beaded fibers, as illustrated for the thinnest fibers
obtained with a P3HT content of 75wt.%. Fig. 4 shows the scanning
electron micrographs of nanofibers obtained with 3P3HT–1PEO
solutions under different voltage conditions. At 14kV, the fibers
presentedmany beads even if the electrospinning process was per-
fectly stable. By increasing the voltage, the beads progressively
disappeared from the fibers and above 22kV non-beaded fibers
were obtained. The fibers’ average diameter was found to increase
from 400 to 500nm, as an increasing quantity of polymer material
Fig. 4. SEM micrographs of nanofibers containing 75wt.% of P3HT, obtained at dif-
ferent voltages: 14kV (a), 18kV (b) and 22kV (c). D=10 cm; flow rate =0.5ml/h;
T=21 ◦C; RH=23%. Insets are the histograms of the fiber diameters (in nm). Scale
bars represent 50m.
was introduced into the fibers instead of being agglomerated into
the beads.
3.2. Morphology study
A morphological study was carried out on nanofibers with dif-
ferent P3HT contents. Fig. 5 presents SEM images of electrospun
mats obtained with P3HT contents varying from 86 to 33wt.%.
Withmostof the solutioncompositions, thefiberdiameter could
be tuned to a certain extent by varying the voltage and/or distance
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Fig. 5. SEMmicrographs of P3HT–PEOnanofiberswith various PEO and P3HT concentrations (inwt.%): 3P3HT–0.5PEO (a), 3P3HT–0.75PEO (b), 3P3HT–1PEO (c), 3P3HT–2PEO
(d), 2P3HT–2PEO (e) and 1P3HT–2PEO (f). Corresponding P3HT content in the fibers: 86wt.% (a), 80wt.% (b), 75wt.% (c), 60wt.% (d), 50wt.% (e) and 33wt.% (f). D=15 cm
(a–e) and 10 cm (f); flow rate =0.5ml/h; voltage =24±1kV (a–e) and 32kV (f); T=21–23 ◦C; RH=15–23%. Scale bars represent 10m.
Fig. 6. Histograms of the fiber diameters for the samples shown in Fig. 4 (X axis: nm, Y axis: arbitrary units).
between the needle and the substrate. The fibers shown in Fig. 5
were the thinnest obtained for each composition, and hence the
experimental parameters can differ slightly from one sample to
another. In all cases, the processwas very stable and fibers could be
collected continuously for long times. The histograms of the fiber
diameter distributions of the above samples are displayed in Fig. 6.
As canbe seen, thefiberswereobtainedwithquiteuniformsizedis-
tributions. There are apparently no obvious relationships between
the polymer ratio and the fiber diameter, however, some trends can
still be extracted from the results.
Indeed, in the series a–d (Figs. 5 and 6), the P3HT content in
solution was maintained constant at 3wt.% and the PEO content
increased from 0.5wt.% (a) to 2wt.% (d). The fibers obtained by
adding 0.5wt.% of PEO to the 3wt.% solution of P3HT have an
average diameter of 850nm (cf. Figs. 5 and 6a). The addition of
0.75wt.% PEO made the average diameter increase to 1100nm
(cf. Figs. 5 and 6b). However, at 1wt.% PEO the average diameter
decreased unexpectedly (and with reproducibility) to 500nm (cf.
Figs. 5 and 6c), and then increased back at 1000nm for fibers con-
taining 2wt.% PEO (cf. Figs. 5 and 6d). This special electrospinning
Fig. 7. High resolution SEM images of fibers with different P3HT contents: 75wt.% (a) and 60wt.% (b). Scale bars represent 500nm.
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Fig. 8. TEM images of fibers with 75wt.% P3HT stained using RuO4 (a), not stained (b, c) and stained with I2 (d). All scale bars represent 500nm.
regime found at 3wt.% P3HT and 1wt.% PEO is not well under-
stood yet and is currently under investigation. Due to viscosity
issues, the ratio study was completed bymaintaining 2wt.% of PEO
and decreasing the P3HT content. As expected, the fiber diameter
decreasedwith the total polymer concentration: 1000nm at 5wt.%
(cf. Figs. 5 and 6d), 850nm at 4wt.% (cf. Figs. 5 and 6e) and 500nm
at 3wt.% (cf. Figs. 5 and 6f).
All fibers produced in this study presented a textured surface.
Fibers having a P3HT content above 60wt.% generally presented
striated surfaces, as can be observed in Fig. 7. This observation
tends to indicate that the structure is composed of segregated
domains of P3HT and PEO aligned along the fiber axis. How-
ever, X-ray diffraction experiments did not show any evidence of
crystallinity. Interestingly, in a very similar study recently pub-
lished, the authorsperformedconfocal fluorescencemeasurements
on poly-3-dodecylthiophene/polyethyleneoxide electrospun fibers
which indicated the alignment of co-continuous domains of the
two polymers along the fiber axis [38].
To further investigate theblendmorphology in thesenanofibers,
TEM experiments were carried out. Fig. 8 shows transmission elec-
tron micrographs of the fibers stained by different methods to
enhance the contrast between the polymers as well as the epoxy
surrounding the fibers. P3HT is more effectively stained by RuO4
and I2 than PEO due to stronger interactions with the sulfur atom
in P3HT thanwith the oxygen atom in PEO. Therefore P3HT appears
darker in the TEM images. Moreover, the sulfur atom being heavier
than the oxygen one, P3HT also appears darker when the samples
are not stained [49]. In Fig. 8, the dark areas located essentially at
the surface of the fibers are believed to be P3HT dense domains
that have segregated at the surface of the fibers. It is clear from
Fig. 8b and c that this external layer (30 to 60nm thick) is not
totally uniform along the fiber structure. This chemically heteroge-
neous surface could explain the surface striations observed by SEM.
The solvent evaporation rate is most likely different depending on
the chemical nature of the surface, and the striations are believed
to appear because of a heterogeneous shrinkage upon solvent
Fig. 9. SEM images of nanofiberswith different P3HT contents: 50wt.% (RH15–23%) (a), 33wt.% (RH15–23%) (b) and 50wt.% (RH39%) (c). T=21–23 ◦C. All scale bars represent
1m.
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Fig. 10. Cross-sectional TEM image of fibers containing 33wt.% of P3HT (I2 stained).
Scale bar represents 1m.
evaporation. The internal structure of the fibers seems to be rather
heterogeneous, as suggestedby thedisorderedwhite andgreyareas
being observed on Fig. 8a–c. I2 staining allowed a more accurate
observation of the arrangement of the two polymers in the fiber
(cf. Fig. 8d). Stretched domains of PEO (bright areas) appear well
aligned along the fiber axis, surrounded by a P3HTmatrix. Based on
these observations and the onesmade by Bianco et al., [38] we con-
clude that the polymers have segregated into separated domains. It
can be noted that I2 heavily stained the surrounding epoxy, making
it appear darker than the fibers and making the observation of the
dense P3HT surface layer difficult.
The surface of the fibers drastically changed when the P3HT
content became lower or equal to 50wt.%: the surface striations
were replaced by very heterogeneous surface features, as can be
observed in Fig. 9a–c. These results are believed to be related to
superior phase separation in the polymer blends. P3HT being the
Fig. 11. Electrical conductivity of P3HT–PEO nanofibers as a function of the P3HT
content in the nanofibers.
minor component in these blends, it is surrounded by PEO in the
structures, and tends to agglomerate and form irregular nodules, as
already observed in electrospun blends involving P3HT and other
polymers [50]. Besides, it seems that the interactions with the sol-
vent play an important role in the phase separation process, as it
is significantly enhanced when the relative humidity is increased
from 23 to 39% (Fig. 9a compared to 9c).
The TEM image presented in Fig. 10 shows more accurately
the internal structure of fibers containing 33wt.% of P3HT. A
core–sheath structure seems to be obtained, the P3HT forming the
sheath (red circle in the figure) around a dense PEO core (yellow
circle in the figure). This confirms a more important segregation
between the polymer domains. It is important to note that the het-
erogeneity of the surface makes the thickness of the P3HT layer
appear larger than the actual one.
3.3. Conductivity study
Electrical conductivity measurements of the nanofiber mats
wereperformedunder ambient conditions after iodinevapourdop-
ing. The conductivity of undoped fibermats was found in the range
of 10−9 S/cm. This value is in agreement with previously reported
data [51,52].
Fig. 11 shows the conductivity of doped nanofibers at various
P3HT contents. Themaximum conductivity of 0.16±0.02 S/cmwas
obtained for fibers containing above 75wt.% of P3HT. As a compar-
ison, a cast film of the same composition showed a conductivity of
2.0±0.1 S/cm, i.e. one order of magnitude higher. This difference of
conductivity between cast films and electrospunfibermats has also
been observed for PANI.HCSA/PEO blends [20]. It is important to
note that the four-point probe technique provides volumic conduc-
tivities and is only suitable for bulkmaterials, not for highly porous
materials like electrospun nanofiber mats. Hence, the electrical
conductivity values obtained for the mats are only apparent con-
ductivities, and do not apply to single fibers, which should present
significantly higher conductivities.
The following experiment clearly illustrates this effect:
P3HT–PEO nanofibers with 75wt.% P3HT were electrospun
between two metallic plates separated by a 3 cm gap. This method
hasbeen successfullyused toobtain alignedelectrospunnanofibers
[53]. Using this technique, it was possible to obtain mats of
nanofibers aligned along a preferential axis (cf. Fig. 12). The electri-
cal conductivity of such an alignedmat of fiberswasmeasured to be
0.30±0.02 S/cm (measures taken along the aligned axis), i.e. twice
Fig. 12. SEM micrograph of an aligned mat of P3HT–PEO nanofibers containing
75wt.% of P3HT. Scale bar represents 100m.
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Fig. 13. Electrical conductivity of P3HT–PEO nanofiber mats containing 60wt.% of
P3HT as a function of the fiber diameter.
the conductivity of anunalignedfibermat of the same composition.
This result indicates that the electrical conductivities measured by
the four-point probe method are related not only to the intrinsic
properties of the material, but also to the geometric structure of
the sample.
By varying the voltage and/or the distance between the needle
and thefiber collector (D), itwas also possible tomodify the average
fiber diameter of the electrospun fiber mats (not aligned). This was
done with fibers containing 60wt.% of P3HT and the results are
presented in Fig. 13. This graph shows the electrical conductivities
of unaligned fiber mats, plotted as a function of the fibers average
diameter. This study clearly demonstrates that the conductivity of
a fiber mat increases when the fiber diameter decreases. A similar
observation has already beenmade on PEDOT.PSS/PAN electrospun
nanofibers [36,54].
Two phenomena could explain this observation. The first one
occurs at the fiber level, the second one at the mat level. In the first
case, the increased fiber stretching and related decrease of fiber
diameter is believed to be directly related to a more significant
polymer compaction in the fiber: when more stretched, the poly-
mer chains aremore compacted in thefibers, leading to a decreased
diameter. The chainswithin thefiberswould thenhavebetter inter-
actions with their neighbours, the lack of which is known to be
the main limiting parameter to electrical conductivity. The poly-
mer chain compaction should then lead to better charge transport
inside the fibers. Alternatively, giving that the measured conduc-
tivity is a volumic one, the observed increase of conductivity could
also be explained by the increase in the packing density of themat:
the decrease in fiber diameter allows the deposition of more fibers
in a given volume, resulting in a larger number of electronic paths
usable for the conduction.
Eventually, themeasurement of the conductivity of a single fiber
would be interesting to discriminate between the two phenom-
ena. However, this represents a major technical challenge [55] and
this measurement is not crucial to applications using whole fiber
mats.
4. Conclusions
Nonwoven mats of P3HT–PEO fibers with diameters down to
500nm have been obtained by the electrospinning technique. Both
SEM and TEM measurements revealed that the polymer domains
are aligned along the fiber axis. The structural arrangement of the
polymers inside the fibers was observed to change according to the
ratioof the twopolymers. Themaximumconductivitymeasured for
unaligned fibermatswas 0.16 S/cm and increased to 0.3 S/cmwhen
the nanofibers were aligned in one preferential direction. Finally,
the conductivity was found to increase with decreasing diameter,
which could be related to an improvement in the interchain inter-
actions caused by the compaction of the polymer chains inside the
fibers and/or to the increase in the fibers packing density in the
mat.
The production of polythiophene nanofibers could open the
path to the fabrication of sensors with enhanced sensitivity due
to the high surface area developed, as well as the development of
nanostructured organic electronics.
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